We investigate the area-averaged sensible heat flux (Q H ) obtained with a scintillometer along a 3.1-km path length over the city centre of Łódź, Central Poland. The annual cycle of Q H peaks in June but is lower by the middle of summer. In winter, due to a large amount of anthropogenic heat input, Q H remains positive all day long, with positive nighttime fluxes also found during months with frequent cold advection, e.g., June 2010. In the diurnal cycle of this flux, several features specific to urban areas are seen: the peak shifts 1-2 h after noon, the heat flux turns from positive to negative 1-2 h after sunset. In Łódź Q H was observed during inflow from the north and north-west, i.e. from the city centre. As this area is mostly covered with impervious materials, most of the heat exchanged between the ground and the overlying air is in the form of sensible heat flux. Under the conditions of inflow from the east and south-east, the maximum heat flux is approximately 100 W m −2 lower than during the inflow from the city centre, since more vegetation exists to the east and south-east of the scintillometer path. Cold and warm advection are found to be a vital factor in the observed heat-flux variability in the centre of Łódź.
on air quality, thermal comfort and even precipitation in cities. Moreover, urban planners and local authorities should include information on the city's influence on climate in their decisions concerning, e.g., designing new settlements, roads, parks etc.
One of the best-known modifications of local climate by cities is the urban-heat-island effect (e.g. Oke 1982) . The increase of air temperature in densely built-up districts, as compared to the city surroundings, is tailored to the specific surface energy balance of urban areas. The impacts of urban areas on energy balance constituents are complex. For instance, high pollution can reduce the incoming downward radiation (Oke 1988; Stanhill and Kalma 1995) , but a large quantity of dark surfaces (e.g. tarred roofs) reduces the magnitude of reflected shortwave radiation (e.g. Christen and Vogt 2004) . A small fraction of vegetation cover in the city centres frequently contributes to a decrease in turbulent latent heat flux and significant enhancement of turbulent sensible heat flux (Christen and Vogt 2004; Offerle et al. 2006b; Goldbach and Kuttler 2013) . Therefore, there is still a need for long-term energy balance measurements at different scales.
Most observations of turbulent heat fluxes in urban areas have been performed using the eddy-covariance method (e.g. Christen and Vogt 2004; Offerle et al. 2006a, b; Goldbach and Kuttler 2013; Nordbo et al. 2013; Ward et al. 2013; Kotthaus and Grimmond 2014a, b) . Eddy covariance is a point-based method and provides fluxes representative of relatively small areas (e.g. Kotthaus and Grimmond 2014b; Ward et al. 2014 ). An alternative for eddy covariance is the scintillation method providing an area-averaged heat flux that can be representative of larger areas, even at the scale of numerical weather prediction model grid cells i.e. 5-10 km (e.g. Beyrich et al. 2012; Ward et al. 2014) .
Scintillometry has been in use for several decades; however, it was not until the end of the 1990s that it was used in cities for the first time (Kanda et al. 2002) . The reliability of scintillometers to provide accurate estimates on surface fluxes has been proven in many different natural or semi-natural areas (e.g. Thiermann and Grassl 1992; Green et al. 1994; De Bruin et al. 1995; Beyrich et al. 2002 Beyrich et al. , 2012 Meijninger et al. 2006; Ezzachar et al. 2007; Evans et al. 2012; Samain et al. 2012) .
Over several years, scintillometers have become more frequently used in urban areas. The first measurements with a small-aperture scintillometer (SAS) was performed in Tokyo (Kanda et al. 2002) , while measurement campaigns using SAS instruments have also taken place in Basel (Roth et al. 2006; Salmond et al. 2012) and London (Pauscher 2010) . The SAS instrument provides fluxes averaged over relatively short paths (up to 250 m), and to obtain fluxes representative of larger areas, a large-aperture scintillometer (LAS) should be used. The LAS instrument has been used in a number of cities, e.g., Marseille (Lagouarde et al. 2006) , London (Wood et al. 2013a) , Helsinki (Wood et al. 2013b) , Łódź (Zieliński et al. 2013) , Swindon (Ward et al. 2014) , and Changzou (Zhang and Zhang 2015) , London (Crawford et al. 2017 ). More recently, Ward et al. (2015a, b) used a system consisting of a LAS intrument and a microwave scintillometer to measure the sensible and latent heat fluxes simultaneously over the city of Swindon in the UK.
The main objective of the present paper is to investigate the temporal and, to some extent, spatial variability of the turbulent sensible heat flux in the centre of Łódź. Frequently, the observed variability of sensible heat flux in relation to wind direction is associated with different land-surface cover. Herein, we wish to investigate to what extent weather conditions, especially cold and warm air advection over the city, affect this variability. Section 2 provides a theoretical background of sensible-heat-flux retrieval from scintillometer data, together with experimental details; the scintillometer source area is discussed in Sect. 3. The temporal variability of sensible heat flux is analyzed in Sect. 4, and the directional dependence of sensible heat flux discussed in Sect. 5.
Data and Methods

Sensible-Heat-Flux Retrieval from Scintillometer Measurements
The LAS instrument provides estimates of the structure parameter of the refractive index of air (C 2 n ). This structure parameter is not measured directly, but is related to the variance of the natural logarithm of intensity (σ 2 lnI ) obtained by the LAS receiver (Wang et al. 1978 ). However, when optical turbulence is too intense, this relation becomes invalid, a phenomenon referred to as the saturation of the signal (e.g. Clifford et al. 1974; Frehlich and Ochs 1990; Ochs and Wilson 1993) . When saturation occurs, σ 2 lnI is stabilized at a certain level despite the increasing strength of scintillation; saturation is more likely to occur if the LAS instrument is mounted relatively low over a long path (Hartogensis et al. 2003) .The LAS measurements can be made on paths ranging in length from 0.25 to 5 km. The structure parameter C 2 n is related to the structure parameters of temperature (C 2 T ), humidity (C 2 Q ) and the covariance between them (C 2 T Q ) (see e.g. Hill et al. 1980) . For near-infrared wavelengths, C 2 n depends mostly on temperature fluctuations, and humidity effects may be accounted for using the so-called Bowen-ratio correction (Wesely 1976; Moene 2003) ,
where T is air temperature (K), γ is the refractive index coefficient for air (7.9×10 −7 KPa −1 ), p is atmospheric pressure (Pa), and C 2 n and C 2 T have units of m −2/3 and Km −2/3 , respectively. Monin-Obukhov similarity theory (MOST) makes it possible to link C 2 T and the areaaveraged sensible heat flux Q H , and first, the temperature scale T * is computed from C 2 T (e.g. Wyngaard et al. 1971) ,
where z eff is the effective height of the scintillometer beam above the surface (m), L is the Obukhov length (m) and f TT is a MOST function. For more details on the z eff derivation, see Hartogensis et al. (2003) , with L defined as
where g is the acceleration due to gravity (taken as 9.81 m s −2 ), u * is the friction velocity (m s −1 ) and κ is the von Kármán constant (0.40). The wind profile adjusted for stability can be used for the computation of u * ,
where u is mean wind speed (m s −1 ), z m is the measurement height (m), z d is the displacement height (m), z 0 is the aerodynamic roughness length (m), and Ψ m is the well-known BussingerDyer stability function. The most commonly used forms for the similarity function in Eq. 2 are those of Wyngaard et al. (1971) ; however, a range of parameters can be found in the literature. For unstable conditions, the MOST function has the following form,
while for stable conditions,
Andreas ( 1988) adjusted the values for c T 1 = 4.9, c T 2 = 6.1 and c T 3 = 4.9, c T 4 = 2.2, previously given by Wyngaard et al. (1971) to reflect κ = 0.4, while De Bruin et al. (1993) gave different values i.e. c T 1 = 4.9, c T 2 = 9 and c T 3 = 4.9, c T 4 = 0. Hill et al. (1992) for unstable conditions found these parameters to be nearly twice as large as previously reported, i.e. c T 1 = 8, c T 2 = 15, and more recently Kooijmans and Hartogensis (2016) used measurements from 11 scintillometer field campaigns and determined parameters for both unstable (c T 1 = 5.6, c T 2 = 6.5) and stable (c T 3 = 5.5, c T 4 = 1.1) conditions. However, their investigation did not include data from urban areas. The choice of similarity function is crucial for the estimation of Q H , and we found that for unstable conditions Q H computed with the function presented by De Bruin et al. (1993) was on average 10 and 30% higher than Q H obtained using the function given by Andreas (1988) and Hill et al. (1992) , respectively. This is consistent with other studies (e.g. Lagouarde et al. 2006; Ward et al. 2014) . Since both u * and T * are connected via L, their ultimate values must be solved iteratively using Eqs. 2-6. Finally, Q H can be obtained from
where ρ is air density (kg m −3 ) and c p is the specific heat of moist air at constant pressure
The scintillometer provides only absolute values of Q H , so additional measurements have to be performed simultaneously in order to determine flux sign. Samain et al. (2012) compared several algorithms for the determination of the sign of Q H , and concluded that the algorithm based on C 2 n and the radiation balance is most appropriate for their dataset. As will be shown below, this approach had to adjusted for our data processing.
Measurement Sites and Data Processing
Measurements were conducted at Łódź (51 • 47 N, 19 • 28 E), a city located in central Poland, about 120 km south-west of Warsaw, the capital of Poland. In the last decade, the population of Łódź has decreased and, continues to decrease; now it has approximately 700,000 residents. The city centre is occupied by 3-5-storey buildings (about 15-20 m in height), built mainly at the turn of the twentieth century. The old city centre is surrounded by industrial areas, residential areas with relatively low buildings (1 or 2 storeys) and districts of blocks of flats (some reaching up to 10 storeys). In the surroundings of the city centre there are many green parks, with the largest located west of the city centre.
The scintillometer used was a BLS 900 instrument (Scintec AG, Rottenburg, Germany), i.e. a large-aperture scintillometer. The LAS instrument was deployed in the centre of Łódź with a measurement path of 3142 m in length (Fig. 1) , while the LAS transmitter was mounted 31 m above the ground on a mast standing on a 17-m high building located at 81 Lipowa St. . Not only was the path slanted but also its actual height above the ground was not uniform. Consequently the effective measurement height z eff of the LAS was estimated in an iterative procedure according to Hartogensis et al. (2003) , (1) scintillometer transmitter and eddy-covariance system (Lipowa), (2) eddy-covariance system (Narutowicza), (3) scintillometer receiver
where z M (x) is the beam height at distance x from the transmitter, z d (x) is the displacement height at distance x from the transmitter and PWF(x) is the scintillometer path-weighting function for x.
Once the large variability of the height of buildings and elevations on both sides of the LAS path was found, we decided to estimate z eff and aerodynamic parameters z 0 and z d in three zones (two for the wind direction perpendicular and one for the wind direction parallel to the optical path). As shown by Zieliński et al. (2017) , this approach only slightly decreases the uncertainties in Q H resulting from the large difference in average building Grimmond and Oke (1999) . For more details on both eddy-covariance towers and eddy-covariance data processing, see Pawlak et al. (2011 and Pawlak and Fortuniak (2016) .
The LAS data were collected during the period 26 August 2009-26 November 2012, but due to many technical issues the time series is not gap-free (e.g. renovation of the building hosting the LAS receiver that took place in 2011 and 2012). Measurements were not made between 1 December 2009 and 10 June 2010, and from 6 November 2010 to 5 April 2011. Due to unfavourable weather conditions, maintenance, etc., several shorter gaps were present in the time series as well.
The LAS instrument operated at 125-Hz frequency with data integrated in 1-min blocks. During the LAS operation, the saturation correction proposed by Clifford et al. (1974) , as well as the extinction and outer scale corrections, were applied, both included in BLS900 software. The average saturation correction was about 2.5%, and according to the criterion of Frehlich and Ochs (1990) , less than 0.01% of our data suffered from saturation.
The Q H value was computed iteratively based on Eqs. 2-7. The auxiliary data necessary for the estimation of Q H , i.e. temperature, atmospheric pressure etc., were available with 15-min resolution; therefore C 2 n values were averaged initially at 15-min intervals (simple block average) and then in 1-h blocks. For the calculation of C 2 T , air temperature (T ) obtained from sonic anemometers at two towers (see Fig. 2 ) was used.
In urban areas, it is difficult to obtain representative values of anthropogenic heat flux and storage heat that are required for the Bowen-ratio (β) estimation in the iterative procedure described above. Thus, for the Bowen-ratio correction to C 2 T we used β values from both eddy-covariance towers. For low absolute β values, i.e. |β| ≤ 0.5, the correction was not applied (see Moene 2003) .
The LAS source area lies in the city centre, but both eddy-covariance towers are located at the opposite edges of the city core. To provide better representativeness of auxiliary data from the eddy-covariance towers for the Q H (from LAS) computation for the wind directions 330 • -130 • , T and β were taken from the Lipowa station and for the remaining wind directions those parameters were taken from the Narutowicza station. The friction velocity was computed from n , and b temperature structure parameter C 2 T in Łódź the logarithmic wind profile using the wind speed measured at the Narutowicza station, since at Lipowa the flow might be disturbed by urban canyons for certain wind directions. For the computation of u * , z 0 and z d were estimated in three zones (for more details, see Zieliński et al. 2017) .
One of the drawbacks of the scintillometer is that it provides only the absolute flux value, and its direction must be determined from additional measurements. There are several different algorithms to compute the sign of the flux (e.g. Samain et al. 2012) . Ward et al. (2014) determined the Q H sign based on the diurnal cycle of C 2 n for the dataset gathered in the suburbs of Swindon, UK. C 2 n usually has the local minima close to sunrise and sunset (Tunick et al. 1994) , and thus such local minima are considered as a transition period from stable to unstable conditions and vice versa (Samain et al. 2012) .
In the considered dataset, only the evening minimum was clearly pronounced (Fig. 2) , and therefore we were not able to determine the flux direction correctly based on the diurnal cycle of C 2 n . Instead, we used the sign of Q H measured at the eddy-covariance towers. As in the case of air temperature, we used the data from the Lipowa station for the sector 330 • -130 • and from the Narutowicza station for the remaining wind directions. Despite the fact that the source areas of both eddy-covariance towers and the LAS instrument have slightly different characteristics and size, we believe that this approach is justified. This algorithm makes it possible to automate the determination of the flux direction; however there were some cases when it failed. Therefore, the whole time series was checked and compared with the diurnal cycle of C 2 n and the radiation balance values. For seven cases, we found distinct minima in C 2 n indicating a transition from stable to unstable conditions or vice versa which were not reflected in the Q H sign. Therefore, we adjusted the sign of the flux for those cases. For sites with no additional eddy-covariance system, temperature profile measurements or at least temperature measurements at two different levels can be helpful in determining the sign of Q H from the scintillometer.
In general, there is a high correlation between Q H determined from the LAS instrument and eddy-covariance measurements (r 2 = 0.87 for Narutowicza station and r 2 = 0.76 for Lipowa station). Previous results from Łódź also confirms high agreement of Q H from LAS and eddy-covariance methods (Zieliński et al. 2013 ). However, due to significant differences in source areas of both eddy-covariance sites and the LAS instrument e.g. west of Lipowa station there is a high vegetation fraction, while during the inflow from the west, the LAS source area comprises the old city centre. It is thus difficult to provide the overall uncertainty in Q H from LAS measurements. The collected scintillometer data underwent a detailed quality control procedure. Data were rejected from further analyses, (1) data were stored with errors (e.g. misalignment), (2) auxiliary data were unavailable, (3) precipitation or unfavourable weather conditions (e.g. fog) occurred, (4) if the eddy-covariance data did not pass stationarity tests (for more details on eddy-covariance data processing, see Fortuniak et al. 2013; Zieliński et al. 2013 ). In general, 27.5% of collected data did not pass the quality control (Table 2, Fig. 3 ). The largest relative number of high quality data were available for January, March, April, May and September, i.e. more than 75% of them passed the quality control. On the other hand, the largest number of data that failed the quality control were taken in November and December, 40 and 42%, respectively.
Scintillometer Source Area
Footprint analysis can provide valuable information regarding the surface that contributes most to the measured sensible heat flux. So far many different footprint models have been developed, e.g. Horst and Weil (1992) , Schmid (1994) , Leclerc et al. (1997) , Hsieh et al. (2000) . In urban areas one of the most commonly used footprint model is the 3D analytical Flux Source Area Model (FSAM) developed by Schmid (1994 Schmid ( , 1997 , and successfully applied for single-point measurements in cities (e.g. Grimmond et al. 2004; Offerle et al. 2006a, b; Pawlak et al. 2011; Goldbach and Kuttler 2013; Kotthaus and Grimmond 2014b) .
For the scintillometer source-area estimation, the path-weighting function must be included, and therefore, the footprint models for single-point measurements cannot be applied directly to the scintillometer data. The scintillometer source area is often estimated as a combination of the footprint modelling performed for discrete points along the optical path and the path-weighting function (e.g. Meijninger et al. 2002; Göckede et al. 2005 ; Hoedjes et al. 2007; Timmermans et al. 2009; Evans et al. 2012; Ward et al. 2014) . Here a similar approach is applied, and in order to estimate the LAS source area, footprint modelling using the FSAM model was performed for discrete points located every 32 m along the optical path (the LAS path was divided into 100 points). The modelled footprint for each point was multiplied by the respective value of the LAS path-weighting function, and then summed over the whole path.
Under unstable conditions, the LAS source area comprising 95% of the footprint is located over the most densely built-up areas of Łódź (Fig. 3a) . The 95% ensemble footprint covers an area of approximately 4.7 km 2 , although under near-neutral or stable conditions it potentially covers an area of up to several tens of km 2 . The LAS source area is shifted towards the transmitter, which is the result of the topography (closer to the transmitter the LAS path traversed lower than when closer to the receiver) and the dominant wind direction (western and southern sectors). The centre of the average LAS source area is shifted about 170 m to the south-west in relation to the optical path centre point.
An artificial surface cover dominates in the LAS source area under unstable conditions, especially in its western part that includes the oldest part of Łódź. On average, buildings cover 33% of the source area at p = 95, 48% is covered with other impervious surfaces, e.g. streets, pavements, car parks, and only 19% involves pervious surfaces covered with vegetation.
The directional characteristics of the surface cover for different stabilities show many similarities. Under unstable conditions, when the LAS source area shrinks to several km 2 , the fraction of pervious surfaces ranges from 10 to 20% of the source area. The largest share of impervious surfaces was observed for the northern, north-western, western, southwestern and southern inflow. As the source area centre lies to the east of the city centre's dense settlement, for these directions the share of impervious surfaces is the largest. Under unstable conditions, when an easterly flow exists, the vegetation fraction is almost 7% larger than for north-western inflow (Fig 3b) . When the stability approached neutral, the source area became extended, comprising more pervious surfaces outside the city centre. Therefore, for near-neutral conditions the vegetation fraction is more than twice as large as for unstable conditions, e.g. for north-western inflow vegetation covered approximately 45% of the LAS source area (Fig. 3c) . For stable conditions the pervious surfaces dominated for every wind direction, with a maximum share (75%) for the north-eastern inflow (Fig. 3d) . The high share of pervious surfaces under stable conditions results from the fact that for stable stratification, the source area extends significantly farther than for unstable or near-neutral conditions. For weak wind conditions, the LAS source area covered up to 60-70 km 2 and comprised much natural or semi-natural land cover outside the city.
Temporal Variability of Turbulent Sensible Heat Flux
Weather Conditions During the Measurement Campaign
Figure 4 presents monthly average air temperature (Fig. 4a ) and monthly precipitation ( For the wind speed and direction (Fig. 4c ), significant differences in their distribution between both eddy-covariance stations are found. At the Lipowa station, the domination of western and north-western directions is observed. An inflow from approximately the south and south-east is also frequent. At the Lipowa station, low frequency of inflow from the directions parallel to streets is observed, probably resulting from the flow disturbance due to the urban canyons ). The wind rose chart for the Narutowicza site is more representative of the long-term wind conditions observed in Central Poland. During the analyzed period, the inflow from the western sector dominates; however, the inflow from the south-east is almost as frequent as from the west. The north-eastern inflow is the least frequent; moreover, the inflow from that direction occurs mainly in winter. At both sites, the episodes with low wind speed (< 1 m s −1 ) are very rare (2-4%), while periods with wind speeds > 3 m s −1 are the most frequent; the average wind speed at Lipowa is found to be 
Monthly Variability of Turbulent Sensible Heat Flux
In Fig. 5 , the average diurnal cycles of Q H and net radiation Q * for the whole measurement campaign are shown, noting that the first half of the year suffers from a lack of sufficient data. Nevertheless, a large variability of Q H from year to year is observed. In 2010 and Dashed lines indicate the net radiation Q * measured on masts at Lipowa and Narutowicza stations. In addition ± 1 standard deviation of Q H is highlighted 2011, the largest Q H is observed in June; however, for 2010 the magnitude for the previous months remains unknown; in 2012, the maximum shifted to May. Similar results were found for Swindon, UK (Ward et al. 2014) , where in 2012 the largest Q H was also observed in May. For Łódź, the relatively small Q H observed in June 2012 is a result of high cloudiness in that period. As a result of a decrease in solar radiation, less sensible heat was exchanged between the city and the overlying air. The influence of weather conditions on Q H is also visible in July; in July 2010 and 2012, the air temperature is relatively high as compared to the long-term average (Fig. 4) . The precipitation totals in July 2010 are almost at the same level as the long-term average, but in July 2012 rainfall is significantly smaller (only 35% of the long-term average). A large difference in Q * at noon, even exceeding 100 W m −2 , is also observed between those months; however, Q H remains almost the same. This results from different circulation conditions i.e. more frequent inflow from more vegetated areas. In July 2012, the inflow from the south and west prevails. South and west of the LAS path, there are sparsely built-up areas with a relatively high vegetation fraction; during the inflow from these directions, a smaller Q H is observed, because the latent heat flux played a more important role in the heat exchange than Q H . This can also be confirmed by comparing the Q H /Q * ratio. In July 2010 at noon, Q H /Q * reached almost 0.47, while in July 2012 this was only approximately 0.37. The relatively cold and wet July 2011 clearly stands out, because at noon Q H is almost the same magnitude as in September or even October.
In the analyzed period the lowest diurnal Q H are observed in the November 2010 and 2012. However, due to the lack of a sufficient amount of data it should not be considered as a rule that the lowest Q H always occurs in late autumn. The measurements of Q H from other city centres suggest that the lowest Q H is most likely to occur in winter (Christen and Vogt 2004; Goldbach and Kuttler 2013; Kotthaus and Grimmond 2014a) . On the other hand, in densely built-up areas an addition of heat from fuel combustion could lead to an enhancement of Q H or even positive night-time Q H during winter (e.g. Offerle et al. 2005) .
In large cities, Q H could remain positive throughout the day (e.g. Oke et al. 1999; Grimmond et al. 2004; Christen and Vogt 2004; Offerle et al. 2006b; Kotthaus and Grimmond 2014a) . In Łódź, we found that most of the time the night-time flux is negative, however, in several months (e.g. January, February, June) it was found to be positive, especially when the inflow from over the city centre dominates. The LAS source area during the night, especially when the wind speed is often lower than during the day, is several times larger than under unstable conditions that prevail during the day. Therefore, the resulting Q H from the LAS instrument is the average flux from the densely built-up city centre, the outskirts and sometimes even the vegetated areas outside the city (Fig. 6) .
In January and February, the daytime Q H reaches 150 W m −2 and in December approximately 100 W m −2 . The daytime Q H in winter ranges from 40 to 80 W m −2 , while during the night negative values prevail in December, and positive in January and February. Almost all wintertime data were collected during the 2011/2012 winter, therefore the results are not representative for a longer period. In addition, the majority of scintillometer data for January and February were collected under cold advection conditions, which may have led to the domination of positive night-time Q H . In March, the daytime Q H value on average reaches 100 W m −2 , but frequently exceeds 150 W m −2 with a maximum of about 250 W m −2 . During the night, negative Q H prevails in March. Over 75% of daytime Q H values in April is larger than 50 W m −2 and reaches up to 300 W m −2 . In April, the largest negative values of Q H (− 75 W m −2 ) in the whole measurement campaign are observed just around sunrise on 22 April 2011 under conditions of strong warm advection. On average, the largest Q H values are observed in May (median approximately 120 W m −2 ); however, the maximum values of Q H (> 400 W m −2 ) were recorded during the strong cold advection (7.5 • C temperature drop) on 13 June 2010. In the middle of summer, a relatively low Q H is observed, but the maximum values reaches a similar level as in May. Negative Q H values are observed more often in August than in June. The length of day rapidly decreases in autumn in Poland, therefore, less solar radiation reaches the surface. As a result, Q H rapidly decreases towards the end of the year. In September, the maximum Q H reaches almost 290 W m −2 , but in November it is only 150 W m −2 . In autumn the negative values of Q H prevail during the night; the lowest Q H values are observed (the whole day median is negative, approximately − 10 W m −2 ) in November. This possibly results from low data availability for winter months, because results from other cities suggest that the lowest Q H is more likely to occur in winter (e.g. Christen and Vogt 2004; Goldbach and Kuttler 2013; Kotthaus and Grimmond 2014a) . On the other hand, in the city centre the release of a large amount of additional heat from fuel combustion (transportation, heating), significantly enhances Q H , as even at night it remains positive, i.e. heat is transported upward from the surface. The long-term eddy-covariance measurements in the centre of Łódź (Fortuniak 2010; Fortuniak et al. 2013 ) suggest that in December Q H remains positive even at night.
Dependence of Turbulent Sensible Heat Flux on Wind Direction
The high diversity of the urban surface is one of the factors causing the dependence of Q H on wind direction. The optical path of our LAS instrument traversed the south-eastern edge of the city centre; thus, the set-up of an LAS instrument in Łódź enables an analysis of Q H under the inflow from the densely built-up areas of the city centre (Fig. 7a) and from the rather sparsely built-up areas with a relatively large vegetation fraction (Fig. 7b) . The average Q H from the dense settlement is positive almost throughout the day, except for autumn and December, when negative Q H is observed during the night. But even for that part of the year Q H turns negative some time after the sunset. It seems that for the inflow from the western and northern sectors, the diurnal cycle of Q H in Łódź had features characteristic of city centres (e.g. Christen and Vogt 2004; Lagouarde et al. 2006; Kotthaus and Grimmond 2014a, b) . For the less dense settlement, the night-time Q H is almost always negative, except for January and February. For the areas located south-east of the LAS path, Q H changes sign around sunrise and sunset, and on average at noon it is about 10-20 W m −2 lower than for the city. Such a diurnal cycle of Q H is rather characteristic of suburban areas (e.g. Grimmond and Oke 1999; Offerle et al. 2006a, b; Ward et al. 2013 Ward et al. , 2014 . The differences between The probability density function (PDF) provides more insight into the wind direction dependence of Q H (Fig. 8) . During the day low Q H (approximately 60 Wm −2 ) is the most frequent feature for the south-western inflow (Fig. 8a) , and for that direction, Q H exceeding 200 W m −2 rarely occurrs, but values close to zero are more frequent than for inflow from other directions. Negative daytime values of Q H are most commonly observed during the inflow from the south-east. The PDF peak for south-east flows is close to 50 W m −2 , but contrary to south-west flows the heat flux frequently exceeds 150 W m −2 . There are many post-industrial sites to the south-east, which are occupied with large old buildings with mostly tarred roofs, enhancing heat accumulation during the day. Under unstable conditions, the LAS source area is relatively small and includes these post-industrial areas. Despite a large vegetation fraction in that part of the city, the presence of areas with large buildings and a large fraction of impervious surface causes an increase of area-averaged Q H . For the inflow from western and eastern areas, the peak of PDF is close to 50 W m −2 ; however, Q H exceeding 200 W m −2 is more frequent for the eastern direction. On the whole, the largest Q H (> 300 W m −2 ) is observed under the inflow from the city centre, i.e. the north and north-western directions, but also for the inflow from the north-east. While in the city centre the high occurrence of large Q H is not surprising, for the north-eastern sector, which has a large pervious-surface fraction (approximately 25% under unstable conditions), it is quite unexpected. One of the possible explanations is that even under the inflow from the north-east, the LAS source area comprises a large part of the city centre; thus Q H from that area could significantly increase the average Q H for the whole source area. When stability approaches near-neutral conditions, the source area expands and comprises more and more pervious surfaces (e.g. part of the forest located north-east of the city centre), the overall Q H in the LAS source areas is relatively low. It is confirmed by the PDF for the northeastern inflow, i.e. the frequency of Q H in the range 150-250 W m −2 is relatively low. To some extent, the situation is similar for the northern inflow, i.e. the PDF has lower values of approximately 180-220 W m −2 . The city centre is surrounded by several green areas to the north and north-east. Under weak unstable conditions or low wind speed these areas could significantly contribute to the Q H measured with the LAS instrument. The city centre contributes most to the observed fluxes for the north-western inflow, which is also depicted in the PDF. The PDF maximum is approximately 50-60 W m −2 , but it is lower than for other directions. In addition, for the north-western inflow the frequency of Q H exceeding 100 W m −2 is the highest (almost 50%). In contrast, for the south-western inflow almost 50% of the observed heat flux is lower than 60 W m −2 .
To some extent, the shape of the PDF for the night-time Q H depends on the method of determining the sign of Q H (Fig. 8b) . The sign of the flux was established based on Q H from eddy-covariance measurements, and data from both towers were used. To reflect the similarities of the LAS and eddy-covariance source areas, data from Lipowa ware used for the 330 • -130 • wind directions and data from Narutowicza for the others. Therefore, the results presented for the night should be analyzed with caution. Nevertheless, for the inflow from the north and north-east, Q H at night is positive for 64 and 58% of time, respectively. For these directions the peak of PDF is approximately −10 W m −2 . A relatively low occurrence (approximately 40%) of positive nighttime Q H is observed for the north-west, which is surprising, since during the inflow from that direction (city centre) the largest frequency of positive Q H is expected. It seems that the flux sign determination method could have failed to some extent. For the south-eastern inflow, positive Q H is the rarest (only 17% of cases). Moreover, Q H lower than − 20 W m −2 is the most frequent for the south-eastern inflow, with a peak at − 30 W m −2 . For the inflow from the south, positive Q H is also rarely observed (19% of cases). For the remaining wind directions, the PDF peak is approximately − 15 W m −2 , and positive Q H is observed 30-35% of time.
In Fig. 9a , b, the relation between Q H and inflow direction is shown, where the dependence of Q H on wind direction results from two factors. The first is the impervious-surface fraction: under unstable conditions, which prevail in urban areas, the artificial-surface fraction is almost always > 80%. However, for the sector 355 • -090 • it never exceeds 85% and for the sector 195 • -325 • it never falls below that threshold. In addition, for the sector 190 • -320 • a lesser diversity in the impervious-surface fraction is observed. As the centre of the LAS path is located closer to the eastern edge of the city core during the inflow from 190 • -320 • , the almost entire LAS source area extends over the fairly uniform city centre with a small vegetation fraction. On the other hand, for the rest of the directions only the surface close to the LAS path is covered with dense development. Farther from the city centre the vegetation fraction grows and the LAS source area covers several green parks surrounding the old-city core. Taking into account the artificial-surface fraction, the expected Q H should be slightly higher during the inflow from the city centre than from the less developed areas.
Another factor important for the Q H variability is the weather, notably warm and cold advection (Fig. 9d) . Herein, a day-to-day temperature change exceeding 1.5 and 2.5 • C is considered as weak and strong advection, respectively. When cold air masses pass over a relatively warm urban surface, the sensible heat exchange between the surface and the overlying air is significantly enhanced. For instance, the highest daily Q H in the city centre of Łódź was observed under strong cold advection. On the other hand, when warm air masses flow over the city, they usually significantly decrease the amount of heat transported upward from the surface. When warm advection occurs in winter, or after relatively cold periods, heat is transported downward to the city surface, resulting in negative Q H . Also the precipitation affects the flux partitioning; after rainfall the latent heat flux is enhanced, while Q H is frequently diminished.
The largest Q H (maximum 350-400 W m −1 ) is observed under the inflow from 260 • to 50 • . For these directions, also the daytime Q H median is relatively high, often exceeding 100 W m −2 . A relatively low Q H (maximum approximately 250 W m −2 ) is found for the 190 • -250 • wind direction, even though one could expect Q H to be larger, as the centre of the LAS source area extends over dense settlement (Fig. 9c) The weather conditions also play a vital role in the sensible heat exchange between the city and the overlying air. The increasing maximum daytime Q H and the more frequent positive nighttime Q H strongly corresponds to the frequency of cold advection (Fig. 9d) . The day-to-day air temperature drops of 1.5 • C are the most frequent under the inflow from 250 • -010 • . On the other hand, the most frequent large and negative Q H values re observed for the wind direction favourable for warm advection.
For negative Q H , its strong variability associated with wind direction is also observed. For the inflow from 345 • to 095 • , the absolute Q H is almost twice as small (Q H > − 25 W m −2 ) as for the inflow from 095 • to 200 • when frequently Q H drops below − 50 W m −2 . For stable conditions, the LAS source area can extend far outside the city centre, i.e. heat can be transported over relatively far distances, which significantly complicates an analysis of the observed night-time fluxes. The LAS instrument provides only the absolute value of Q H ; therefore one should be cautious when analyzing Q H under stable conditions.
To isolate anthropogenic and weather influences on Q H , Crawford et al. (2017) applied the conditional sampling for their dataset. With the aid of high-resolution radar data on precipitation they were able to distinguish 'wet' and 'dry' days. Next, they investigated the differences between weekday and weekend observations of Q H . Their results indicate that even after the rainfall Q H magnitude is still positively/negatively correlated with building/vegetation fraction. For our dataset such detailed analysis is not possible because neither the high-resolution data on precipitation nor data on citizens activity were available. Nevertheless, we attempt to isolate surface cover and weather influences on the Q H magnitude. In May 2011 the rain gauge was mounted at Narutowicza station and it registered 1-h precipitation totals. Therefore, we are able to distinguish the Q H observations from the periods after the rainfall or when the surface was dry. During the measurement campaign over the 75% of precipitation occurred during the inflow from just four directions i.e. west (30%), north-west (18%), south-west (17%) and north (10%). Only 3 and 5% of rainfall occurred during the eastern and north-eastern inflow, respectively. As a result the number of data available for cases with wet surface is significantly reduced for south, south-east, east and north-east directions. Kotthaus and Grimmond (2014a) showed that Bowen ratio can be reduced even 12 h after the rain. Therefore we decided to treat all observations from periods up to 12 h after the precipitation, as cases with wet surface, even though Crawford et al. (2017) used only 3 h threshold for London. The application of small threshold for our dataset will make further analysis impossible, due to low data availability. All observations taken at least 12 h after the rainfall are treated as cases with dry surface. In addition, we have decided to divide all 'dry' cases to observations taken under the cold or warm advection (78% of cases) and without any advections (22% of cases). We have limited our analysis only to midday hours (1100-1400 local time), because negative flux is frequently observed at early morning or at evening in Łódź. All sampled Q H values were binned in 20 • sectors. For each sector average Q H values for midday hours were calculated and then compared with fraction of artificial surfaces (Fig. 10) .
Despite low data availability, for both wet and dry surface conditions the average midday Q H seems to correlate with the fraction of artificial surface, but this correlation is very weak. During the wet surface conditions, Q H values at noon are significantly reduced (on average 38 W m −2 ) in comparison to observations taken during dry surface conditions. In addition the strongest linear relation between Q H and land cover is found for wet surface conditions. When only dry surface conditions are considered, significant differences in Q H dependence on land cover between the times with cold/warm advections and without any advections were 
and artificial surface cover (%) of 20 • wind sector bins at midday (1100-1400 h). 'Wet' stands for Q H registered up to 12 h after the rainfall, while 'dry' define all observations taken at least 12 h after the last rainfall. In addition, 'dry' conditions were sampled for days with cold/warm advections, and without any significant day to day temperature change. Note that only bins with > 5 observations were shown found. When cold or warm air inflow occurs over the city, it seems that the relation between the Q H magnitude and artificial surface cover vanishes. An increase in fraction of artificial surface cover is not followed by increase in Q H any longer.
It seems that weather conditions have a greater influence on wind direction dependent Q H variability, than the surface cover in the LAS source area, in case of Łódź. When there is no cold/warm advection over the city area, an increase in artificial surface fraction in LAS source area is followed by an increase in Q H .
Summary and Conclusions
Long-term scintillometer measurements of turbulent sensible heat flux in the city centre of Łódź, Poland are presented, with consideration given to the temporal variability, as well as to the dependence on wind direction. A large variability of the source-area characteristics is observed in Łódź. The largest fraction (approximately 90%) of impervious surface is found under unstable conditions and the inflow from the north-west and west, i.e. the city centre. When stability approaches neutral, a large fraction of pervious surface is observed, as the source area includes more surfaces covered with vegetation that lie outside the centre. For near-neutral conditions, artificial surfaces cover up to 75% of the scintillometer source area. In contrast, under stable stratification when the source area frequently extends outside the city, the surfaces covered with vegetation prevails (approximately 70%), especially for the north-eastern inflow.
The largest Q H is observed in May and June, when at noon it reaches 230 W m −2 , on average. For most of the year, negative night-time Q H is observed, except for January and February, when possibly the anthropogenic heat flux is responsible for positive Q H . In addition, positive Q H at night is observed in months with frequent cold advection (e.g. June 2010). Frequent precipitation and relatively low air temperature in July results in a decrease of Q H , which at noon has features characteristic of dense urban areas: the diurnal peak is observed 1-2 h later than the maximum of radiation balance; it turns negative several hours later than Q * . Even though in the city centre positive Q H is frequently observed throughout the day (Christen and Vogt 2004; Goldbach and Kuttler 2013; Kotthaus and Grimmond 2014a) , in Łódź it is observed almost only in winter and during several months with frequent cold advection. When the Q H measurements are performed with eddy covariance techniques, the source area is relatively small and can cover relatively uniform surfaces, e.g. dense development. For an LAS instrument located in the city, the source area frequently comprises different surfaces, a lot of them being pervious. The resulting average Q H for the LAS source area could be positive or negative, depending on other factors, e.g., wind direction.
A high year-to-year variability of Q H is observed in Łódź, mostly because of varying weather conditions. For instance, when large precipitation totals are observed, the latent heat flux is enhanced and therefore lower Q H is observed (e.g. July 2011).
To some extent, the scintillometer measurements could also be used for an analysis of the spatial variability of Q H . It is possible due to the large source area of the LAS that could include different surface types, e.g., for Łódź it covers the city centre or less developed settlements. In our case, the largest Q H s found for the inflow from the north and north-west, i.e. the most densely built-up part of the city. For these directions, the maximum Q H is almost 100 W m −2 larger than for the inflow from areas with larger pervious surface fractions. In addition, for the inflow from the city centre positive Q H at night is observed more frequently. Large discrepancies between areas located approximately north and south of the LAS path are also found for the Q H /Q * ratio. For most of the time, in the case of the inflow from the city centre, sensible heat flux accounts for approximately 60% of net radiation, while during the inflow from more vegetated areas it it "only" approximately 40%.
The surface cover is a vital factor of the Q H dependence on inflow direction, but not the only one; weather conditions, especially cold and warm advection, play an equally important role. For our dataset, weather conditions seems to play an even more important role than the surface cover. Differences in the amount of artificial surfaces affect Q H mostly during calm and sunny weather, without any cold or warm advection. For this reason Q H is not strongly correlated with building or vegetation fraction, as it is in other cities e.g. Basel (Christen and Vogt 2004) , Swindon (Ward et al. 2014) , London (Crawford et al. 2017) . As highlighted by Ward et al. (2015b) , there is still a need for long-term scintillometer measurements of sensible and latent heat fluxes in urban areas that capture both the seasonal and inter-annual variability. Therefore, such long-term measurement campaigns could help determine to what extent the observed variability of heat fluxes is caused by different surface characteristics or by weather conditions.
